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1. Introduction {#ess2531-sec-0001}
===============

The vertically inhomogeneous structures of clouds are important considerations for theoretical cloud modeling, satellite remote sensing, and in situ observations (e.g., Feofilov et al., [2015](#ess2531-bib-0019){ref-type="ref"}; Grabowski et al., [2019](#ess2531-bib-0021){ref-type="ref"}; Hashino et al., [2013](#ess2531-bib-0025){ref-type="ref"}; Korolev et al., [2017](#ess2531-bib-0036){ref-type="ref"}; Reinhart et al., [2014](#ess2531-bib-0049){ref-type="ref"}; Seo & Biggerstaff, [2006](#ess2531-bib-0051){ref-type="ref"}). Often, the inhomogeneous structures of clouds are quantitatively represented by the vertical variability of microphysical properties for different hydrometeor species in the atmosphere, which often vary over certain range and covary with each other. Such variability and covariability are further influenced by the thermodynamic and dynamic environment. Accurate representation of the variability and covariability of the cloud microphysical vertical structures is key to both satellite remote sensing of cloud and precipitation and numerical modeling of weather and climate, which remain a challenge. However, cycling and recycling of energy, water, and chemical species through Earth\'s atmosphere is critically affected by the variability of cloud properties, especially convective clouds, and its coupling with atmosphere.

Active spaceborne sensors, such as the CloudSat and Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), provide vertical reflectivity and backscatter profiles with nearly global coverage. Since the launch of CloudSat and CALIPSO, the vertical structures of cloud and precipitation have been extensively studied (Stephens et al., [2018](#ess2531-bib-0053){ref-type="ref"}; Winker et al., [2010](#ess2531-bib-0061){ref-type="ref"}). Both the radiometric observations and the retrieval products from these active sensors have been used to investigate the vertical distribution of cloud macrophysical properties such as cloud amount, vertical overlapping structure, and cloud thermodynamic phase and cloud water path (e.g., Bodas‐Salcedo, [2014](#ess2531-bib-0005){ref-type="ref"}; Bodas‐Salcedo et al., [2016](#ess2531-bib-0006){ref-type="ref"}; Chepfer et al., [2014](#ess2531-bib-0009){ref-type="ref"}; Nair & Rajeev, [2014](#ess2531-bib-0045){ref-type="ref"}; Oreopoulos et al., [2017](#ess2531-bib-0046){ref-type="ref"}; Stubenrauch et al., [2008](#ess2531-bib-0054){ref-type="ref"}) and cloud radiative properties such as optical thickness and radiative forcing (e.g., Haynes et al., [2013](#ess2531-bib-0026){ref-type="ref"}; Mace & Wrenn, [2013](#ess2531-bib-0039){ref-type="ref"}), which have provided new insights on the microphysical processes of cloud and precipitation (Forbes & Ahlgrimm, [2014](#ess2531-bib-0020){ref-type="ref"}; Palerme et al., [2017](#ess2531-bib-0047){ref-type="ref"}; Suzuki et al., [2010](#ess2531-bib-0057){ref-type="ref"}; Takahashi et al., [2017](#ess2531-bib-0058){ref-type="ref"}). However, the radar reflectivity and lidar backscattering profiles alone do not uniquely specify cloud microphysical properties and often rely on apriori assumptions of clouds and cloud‐atmosphere relations to perform retrievals from which the cloud property vertical profiles are calculated (e.g., Comstock et al., [2013](#ess2531-bib-0011){ref-type="ref"}; Deng et al., [2010](#ess2531-bib-0016){ref-type="ref"}). These issues add ambiguity to the interpretation of the vertical variability of cloud microphysical properties and their covariability using the currently available CloudSat/CALIPSO cloud property retrievals.

Field campaigns provide detailed information about the vertical variability of the ice and liquid phase microphysicas using various optical particle probes and their bulk properties together with measurements of the coincident atmospheric conditions. These particle probe measurements, after carefully removing and correcting for measurement artifacts (Baumgardner et al., [2017](#ess2531-bib-0004){ref-type="ref"}) have been widely used to understand vertical profiles of ice water content (IWC) and particle shape and size distributions for hydrometeors in various cloud systems by statistically relating the bulk properties of cloud microphysical parameters with environment states, which serves as the basis for cloud parameterizations in numerical models and a priori for satellite retrieval algorithms of both passive (e.g., Elsaesser et al., [2016](#ess2531-bib-0017){ref-type="ref"}; Seo & Biggerstaff, [2006](#ess2531-bib-0051){ref-type="ref"}; Wang et al., [2019](#ess2531-bib-0060){ref-type="ref"}) and active sensors (Deng et al., [2015](#ess2531-bib-0014){ref-type="ref"}; Iguchi et al., [2010](#ess2531-bib-0031){ref-type="ref"}; Jiang et al., [2019](#ess2531-bib-0034){ref-type="ref"}, [2017](#ess2531-bib-0035){ref-type="ref"}). However, the vertical profiles obtained from the in situ data may not represent the complete natural variability of microphysical properties due to its sampling statistics and different particle size ranges probes are sensitive to (e.g., Lawson et al., [2010](#ess2531-bib-0037){ref-type="ref"}), although measurements in numerous geographical locations have been made (Heymsfield et al., [2017](#ess2531-bib-0027){ref-type="ref"}). The issue of sampling statistics is particularly crucial for vertical structures of hydrometeor microphysics. During a typical field campaign, the aircraft sampling is seldom random and complete, partly due to aircraft limitations and the multiple objectives of the field campaign. This brings additional difficulties to characterize the vertical structure of cloud microphysical properties and their relationships with atmospheric conditions from observations.

Therefore, it is important to develop new methodologies that combine the strength of spaceborne active sensors and the detailed in situ observations from field campaigns to examine the variability and covariability of the cloud microphysical properties. These matrices are particularly important for advancing the retrieval of cloud vertical structures. In this study we examine the vertical structures of the cloud microphysical properties for tropical anvil clouds obtained from various data sources and methods including using field campaign measurements alone, from different cloud retrieval products of CloudSat and CALIPSO and from our method that combines the probability distribution functions (pdfs) of cloud microphysical properties with vertical information from active satellite sensors. Tropical anvil clouds and cirrus clouds are chosen to be the focus of this study due to their high frequency of occurrence, and the significant impact of their microphysical properties on cloud radiative forcing, and hence global climate (Hartmann, [2016](#ess2531-bib-0022){ref-type="ref"}; Hartmann & Berry, [2017](#ess2531-bib-0023){ref-type="ref"}; Hartmann et al., [2018](#ess2531-bib-0024){ref-type="ref"}; Stackhouse & Stephens, [1991](#ess2531-bib-0052){ref-type="ref"}; Su et al., [2017](#ess2531-bib-0056){ref-type="ref"}; Wall et al., [2017](#ess2531-bib-0059){ref-type="ref"}; Yue et al., [2019](#ess2531-bib-0064){ref-type="ref"}). Moreover, recently developed Tropospheric Water and Cloud ICE (Jiang et al., [2017](#ess2531-bib-0035){ref-type="ref"}) instrument and the Earth\'s NexT‐generation ICE (Jiang et al., [2019](#ess2531-bib-0034){ref-type="ref"}) SmallSat mission concept present new potentials of retrieving ice and supercooled liquid water particle mass and size distribution vertical profiles in these cloud systems using miniature radiometers and cloud radars. The correlation matrices examined in this study are a crucial component of the retrieval simulation package for these two new systems, which serves as the basis of the a priori in the retrieval.

2. Data and Methodology {#ess2531-sec-0002}
=======================

The cloud microphysical measurements taken during National Aeronautics and Space Administration\'s TC4 (Tropical Composition, Cloud and Climate Coupling) mission are used in this study. TC4 is the first major, multiaircraft, comprehensive investigation of tropical anvil clouds. Table [1](#ess2531-tbl-0001){ref-type="table"} lists the flight time of the National Aeronautics and Space Administration DC‐8 and WB57 sampling aircraft by cloud type during TC4, indicating good sample sizes given probe sampling rates on the order of seconds (Lawson et al., [2010](#ess2531-bib-0037){ref-type="ref"}). The in situ ice particle size distributions were collected with a two‐dimensional stereo (2D‐S) probe on the DC‐8 and WB‐57 aircraft and the precipitation imaging probe (PIP) on the DC‐8. 2D‐S has a 10‐μm pixel resolution at jet speed with 1‐s temporal sampling rate and the PIP has a 100‐μm pixel resolution with a 5‐s sampling rate. Therefore, the 1‐s 2D‐S data are averaged to 5‐s samples to match the PIP. Both data from DC‐8 and WB‐57 are used in this study to include the ice particles at a colder temperature and higher altitude than measurements made by DC‐8 alone. Previous studies such as Lawson et al. ([2010](#ess2531-bib-0037){ref-type="ref"}) and Baumgardner et al. ([2017](#ess2531-bib-0004){ref-type="ref"}) have documented the characteristics of cloud types measured during TC4 and measurement quality obtained from the optical probes used in TC4.

###### 

Cloud Types and Flight Time During TC4 (Lawson et al., [2010](#ess2531-bib-0037){ref-type="ref"})

  Cloud types           Time in cloud
  -------------------- ---------------
  Convective turrets      2.35 min
  Fresh anvils             48 min
  Aged anvils              243 min
  In situ cirrus           119 min

The key microphysical properties in our study include the vertical distribution of the particle size distributions, bulk mass for different types of hydrometeors (IWC for ice particles; LWC: liquid water content for liquid particles), bulk effective particle size, and width of the size distribution by fitting gamma size distribution to the particle size distribution. We use equivalent mass spherical diameter for *D* ~*e*~ to characterize the particle size. The bulk particle size is the mass weighted mean *D* ~*e*~ (*D* ~*me*~) and the width of size distribution is measured by the *D* ~*e*~ dispersion, *D* ~*e_disp*~, where *N (D* ~*e*~ *)* is particle number density as a function of *D* ~*e*~ following Evans et al. ([2012](#ess2531-bib-0018){ref-type="ref"}) and Jiang et al. ([2019](#ess2531-bib-0034){ref-type="ref"}): $$D_{\mathit{me}} = \frac{\int N\left( D_{e} \right)D_{e}^{3}D_{e}dD_{e}}{\int N\left( D_{e} \right)D_{e}^{3}dD_{e}}\ D_{e,\textit{disp}} = \frac{1}{D_{\mathit{me}}}\left\lbrack \frac{\int N\left( D_{e} \right)D_{e}^{3}\left( {D_{e} - D_{\mathit{me}}} \right)^{2}dD_{e}}{\int N\left( D_{e} \right)D_{e}^{3}dD_{e}} \right\rbrack^{\frac{1}{2}}$$Both 2D‐S and PIP probes measure shadowgraphs of the particle from which the particle maximum diameter (*D* ~*max*~) and projected area (*A*) are derived. Conversions between the *D* ~*max*~ and *D* ~*e*~ and between *A* and *D* ~*e*~ follow the power law relationships in Evans et al. ([2012](#ess2531-bib-0018){ref-type="ref"}) for four nonspherical shapes common in the convective clouds based on the field campaign particle images, including plate aggregates, sphere aggregates, snow aggregates, and solid spheres. Although the shape of ice particles has been shown to be important in the assumptions used in satellite retrieval algorithms (e.g., Mishchenko et al., [1996](#ess2531-bib-0044){ref-type="ref"}), which affects uncertainties of the derived moments from the cloud microphysics probe measurements (Baumgardner et al., [2017](#ess2531-bib-0004){ref-type="ref"}), and is linked to the physical processes of particle formation and evolution (Lawson et al., [2010](#ess2531-bib-0037){ref-type="ref"}), in this study, these aforementioned shapes are assumed and allowed random mixture of particles. Liquid cloud droplets are assumed to be spheres.

The ice particle in situ measurements are quality controlled by removing measurements with *IWC* \< 10^−5^ g/m^3^. Supercooled liquid water measurements from the Cloud and Aerosol Spectrometer probe on the DC‐8 during TC4 are used by selecting samples within the temperature range of 240 to 273 K (linearly scaled by temperature in this range), *IWC* \> 10^−6^ g/m^3^ when measurements from Rosemount Icing Detector (Mazin et al., [2001](#ess2531-bib-0040){ref-type="ref"}) indicate presence of supercooled liquid. These thresholds and the measurements from Rosemount Icing Detector are used in the attempt to reduce the ice particle contamination and detect the supercooled liquid water. Temperature is taken from the MMS measurements and humidity is from the diode laser hygrometer and Jet Propulsion Laboratory laser hydrometer that are matched with the microphysical measurements. Vertical variability and covariability of cloud properties are then quantitatively represented using Gaussian distributions and covariance matrices that are derived from the in situ measurements for (1) temperature, RH, ln (IWC), ln *(D* ~*me*~ *)*, and *D* ~*e_disp*~ for ice particles, and (2) temperature*,* RH, ln (IWC), ln (LWC), ln *(D* ~*me_liq*~ *)*, and *D* ~*e_disp_liq*~ for supercooled liquid water droplets.

To combine the in situ observations with the spaceborne active sensor measurements, first, scattering properties for randomly oriented ice particles and for spherical liquid particles are generated at the 94‐GHz CloudSat radar frequency using the discrete diploe approximation for ice particles with the four shapes given in previous discussion and Mie scattering calculation for spherical liquid particles (Evans et al., [2012](#ess2531-bib-0018){ref-type="ref"}). Each scattering table includes extinction, single scattering albedo, and Legendre coefficients of the phase function for gamma size distributions as a function of temperature, size (*D* ~*me*~ and *D* ~*e_disp*~), and particle shape. The scattering tables are used to link the microphysical parameters and CloudSat radar reflectivity by creating a two‐dimensional lookup table, which contains the mean vector and covariance matrices for microphysical properties and radar extinction due to particles in the space of radar reflectivity and temperature (e.g., Seo & Liu, [2005](#ess2531-bib-0050){ref-type="ref"}). The tables are made by randomly sampling the Gaussian distributions of microphysical properties from in situ observations so that the microphysical properties of hydrometeors are consistent with the radar reflectivity and temperature while constrained by field campaign based statistics. Another advantage of relating field campaign and satellite observations through this approach is that it does not require exact collocation in time and space between in situ and satellite observations since the method uses the pdfs and covariance of the parameters from in situ observations.

Forty‐one CloudSat/CALIPSO orbits that intersect the region from 4°N to 12°N and 90°W to 80°W in July and August 2007 are included in this study to be coincident with the TC4 experiments. CloudSat reflectivity within three range gates of the surface elevation is not used to avoid the surface clutter contamination. Above the freezing level, for conditions below the radar sensitivity threshold of −26 dBZ but cloud fraction \>50% according to the CALIPSO cloud mask, we used the same method as in Evans et al. ([2012](#ess2531-bib-0018){ref-type="ref"}) and Jiang et al. ([2019](#ess2531-bib-0034){ref-type="ref"}) to extend the lookup table to include thin and high cirrus cloud particles. The lookup table is combined with the vertical correlation matrix generated from radar reflectivity profiles to generate independent stochastic hydrometeor parameter profiles for each radar reflectivity profile that have statistics consistent with the in situ microphysics measurements. The coincident temperature and relative humidity profiles for satellite profiles are obtained from CloudSat European Centre for Medium‐Range Weather Forecasts (ECMWF)‐AUX data sets, which contains ECMWF state variable data interpolated to CloudSat cloud radar bin.

Because during TC4 there is rarely flight penetrating convective cores, below the freezing level (\~4.5 km) the precipitation and warm cloud particle distribution is assumed to follow a melting model of ice particles (Bauer et al., [2000](#ess2531-bib-0003){ref-type="ref"}; Evans et al., [2012](#ess2531-bib-0018){ref-type="ref"}), which may not accurately represent these hydrometeors at these levels. However, since the goal of this study is the ice particles in the tropical anvil clouds and cirrus clouds, impact of this assumption on our results should be minimal.

For comparison purposes, the covariance matrices of various cloud microphysical properties are also derived from different CloudSat/CALIPSO retrieval products, which use different retrieval algorithms and auxiliary measurements such as from MODIS (Moderate Resolution Imaging Spectroradiometer) and ECMWF. Three products are included in this study: (a) CloudSat Radar‐Only Cloud Water Content Product (2B‐CWC‐RO), (b) CloudSat Radar‐Visible Optical Depth Cloud Water Content Product (2B‐CWC‐RVOD), and (c) CloudSat level‐2C ice cloud property product (2C‐ICE). The 2B‐CWC‐RO product contains retrievals of cloud liquid and IWC, effective radius of the ice and liquid particles, number concentration, and the size distribution width parameter using radar and auxiliary temperature data (Austin et al., [2009](#ess2531-bib-0001){ref-type="ref"}; Wood, [2018](#ess2531-bib-0062){ref-type="ref"}). Retrievals are performed separately for the liquid and ice phases assuming liquid only and ice only, respectively, which uses a temperature dependent a priori of the size distribution parameters. The a priori analysis is based on the use of lognormal size distribution fitted from in situ particle size spectra measured during the ARM 2000 Cloud IOP, the AIRS experiment, and CRYSTAL‐FACE for ice and those reported in Miles et al. ([2000](#ess2531-bib-0043){ref-type="ref"}) for liquid. The partition of ice and liquid is purely based on temperature, and the solutions of ice and liquid are scaled linearly with temperature to obtain a smooth transition from all ice at −20 °C to all liquid at 0 °C. Previous studies have shown such composite profiles do not accurately capture the mixed phased cloud structure (Barker et al., [2008](#ess2531-bib-0002){ref-type="ref"}). The limited sensitivity of radar reflectivity to small ice particles and thin clouds causes the lower boundary of detection range on roughly 1‐ to 5‐mg/m^3^ IWC, while the retrieved LWC is usually nonconvergent in heavy precipitating clouds (Christensen et al., [2013](#ess2531-bib-0010){ref-type="ref"}). Validation studies with aircraft measurements reported a relatively good agreement for IWC distribution (Barker et al., [2008](#ess2531-bib-0002){ref-type="ref"}) with a conservative bias estimate of 40% (Heymsfield et al., [2008](#ess2531-bib-0029){ref-type="ref"}) for the 2B‐CWC‐RO ice cloud retrievals, while the liquid cloud retrievals suffer a higher uncertainty.

The 2B‐CWC‐RVOD product produces a similar set of variables with 2B‐CWC‐RO. The algorithm uses the same a priori assumptions of the particle size distributions and cloud phase determination method with 2B‐CWC‐RO, however, with additional input auxiliary data on visible optical depth from MODIS (from the CloudSat 2B‐TAU product) to more tightly constrain the retrievals (Wood*,* [2018](#ess2531-bib-0062){ref-type="ref"}). When the auxiliary MODIS data are not available such as nighttime or unsuccessful optical depth retrieval, the radar only retrieval is provided. A detailed comparison on the liquid water between the RVOD and MODIS cloud liquid water shows RVOD underestimates approximately 45% of warm clouds mostly due to the radar ground clutter (Christensen et al., [2013](#ess2531-bib-0010){ref-type="ref"}). For the type of clouds focused in this study, the RVOD product suffers from uncertainties and biases similar to the radar only product.

More accurate retrievals on ice cloud microphysical properties are available from the CloudSat/CALIPSO 2C‐ICE and radar‐lidar (DARDAR) product, which are synergetic ice cloud retrieval derived from the combination of the CloudSat radar reflectivity and the CALIPSO lidar attenuated backscatter (Delanoë & Hogan, [2008](#ess2531-bib-0012){ref-type="ref"}, [2010](#ess2531-bib-0013){ref-type="ref"}; Deng et al., [2015](#ess2531-bib-0014){ref-type="ref"}, [2010](#ess2531-bib-0016){ref-type="ref"}). Vertical profiles of extinction coefficient, IWC, and ice particle effective radius are provided by this product. Deng et al. ([2013](#ess2531-bib-0015){ref-type="ref"}) compared the various CloudSat ice cloud microphysical retrievals with the in situ data collected during the Small Particles in Cirrus field campaign, who found the ice particle effective size from 2B‐CWC‐RVOD is significantly biased larger than 2C‐ICE, DARDAR, and in situ observations by about 40%. Their results indicate that ice cloud properties from 2C‐ICE agree with in situ data slightly better than DARDAR, which is contributed by the different treatments of parameterization of radar signals below the detection thresholds and the differences in assumed mass‐size and area‐size relationships used in the two algorithms. Despite the small differences, a close agreement between 2C‐ICE and DARDAR ice cloud retrievals is noticed. Therefore, only 2C‐ICE product is included here.

3. Results {#ess2531-sec-0003}
==========

Figure [1](#ess2531-fig-0001){ref-type="fig"} shows correlations between variables at different layers and between different variables as a quantitative indicator of the variability and covariability for the vertical structures for ice particles and supercooled liquid water droplets during the TC4 field campaign. Figure [1a](#ess2531-fig-0001){ref-type="fig"} shows the results by combining the TC4 microphysical observations on ice and supercooled liquid water with the CloudSat radar reflectivity and CALIPSO cloud mask data as described in the methodology section. Figure [1b](#ess2531-fig-0001){ref-type="fig"} shows the correlation calculated directly from in situ observations by compositing TC4 observations into different vertical bins and applying Gaussian fitting to each layer for each variable. Note that the width of the vertical layers is selected so that the histograms of the parameters in each layer follows a near Gaussian distribution. Comparing Figure [1a](#ess2531-fig-0001){ref-type="fig"} and Figure [1b](#ess2531-fig-0001){ref-type="fig"}, it is clear to see the lack of correlation between temperature and relative humidity at different layers and highly limited vertical range in Figure [1b](#ess2531-fig-0001){ref-type="fig"}, which indicates the sampling limitations of the field campaign aircraft measurements. Such sampling limitation also explains the different vertical structures revealed by Figures [1a](#ess2531-fig-0001){ref-type="fig"} and [1b](#ess2531-fig-0001){ref-type="fig"} on cloud microphysical properties. The results show that by combining in situ and satellite observations we are able to present the entire vertical structures of hydrometeors with a higher vertical resolution from radar, which maintains detailed probability distribution and statistics of parameters from the field campaign observations.

![The vertical variability and covariability for ice particles and supercooled liquid water droplets: (a) obtained using the proposed method by combining TC4 cloud microphysics measurements and CloudSat/CALIPSO data (radar reflectivity, lidar cloud mask, collocated ECMWF temperature, and relative humidity); (b) obtained by compositing TC4 cloud microphysics measurements and matched in situ temperature (MMS) and humidity (laser hygrometer) by vertical layers. Color shading shows the correlation coefficients (from −1 to 1). *X* and *y* axes correspond to the vertical levels: 0--25 km for temperature and humidity; 0--17 km for hydrometeors. Note that values below freezing level (\~4.5 km) in panel (a) is based on the melting model due to lack of in situ observations in these altitudes during TC4. The variables in the figures are temperature, relative humidity, IWC, *D* ~*me*~ and *D* ~*e_disp*~ for ice particles, LWC, and *D* ~*me*~ for supercooled liquid water above freezing level at 4.5 km. During TC4, the aircraft flight altitude range is \~5 to 12 km, which corresponds with the vertical ranges in panel (b).](ESS2-7-e2020EA001147-g001){#ess2531-fig-0001}

The vertical variability and covariability of the cloud microphysical and atmospheric properties are compared with those derived from retrievals of active satellite sensors: CloudSat and CALISO to investigate how much retrievals from the active sensors are capable to reveal the vertical structure of the cloud particles, especially ice and supercooled liquid water, for which the microphysical properties are directly observed during TC4 using optical probes in Figure [1](#ess2531-fig-0001){ref-type="fig"}.

Figure [2](#ess2531-fig-0002){ref-type="fig"} shows the correlation matrices calculated using three different CloudSat/CALIPSO retrieval products: (a) 2B‐CWC‐RO, (b) 2B‐CWC‐RVOD, and (c) 2C‐ICE. The variables in the figure are temperature and relative humidity from ECMWF‐AUX data, retrieved IWC, effective diameter (*D* ~*eff*~), and size distribution width for ice particles, *LWC*, and *D* ~*eff*~ for liquid water. Since CloudSat retrievals assume spherical particles and the interest of this study is on the covariability structures, no conversions are applied between *D* ~*eff*~ and *D* ~*me*~. Comparing Figure [2](#ess2531-fig-0002){ref-type="fig"} with Figure [1a](#ess2531-fig-0001){ref-type="fig"}, consistency between these products and our results on ice clouds is clear while large algorithm differences are also apparent, such as the lack of sensitivity of CloudSat‐only retrievals to small particles in thin and high ice clouds, assumptions in liquid only or ice only columns for RO and ROVOD products, as well as ice‐only parameters in 2C‐ICE. Large differences are seen between 2B‐CWC‐RO and 2B‐CWC‐RVOD on the matrices of liquid particles, such as LWC and liquid particle effective diameters, which indicate the ambiguity of the liquid cloud retrievals in these two algorithms. By using the temperature scaling relationship, the vertical extent of liquid portion of the cloud is below 7 km above surface in the CloudSat/CALIPSO products. However, using field campaign data (Figures [1a](#ess2531-fig-0001){ref-type="fig"} and [1b](#ess2531-fig-0001){ref-type="fig"}), the vertical extent of liquid particles is clearly above 7 km and well into 10‐km altitude.

![The vertical variability and covariability for ice particles and liquid water droplets obtained from three different CloudSat (CALIPSO) retrieval products over the TC4 region during July and August 2007: (a) 2B‐CWC‐RO, (b) 2B‐CWC‐RVOD, and (c) 2C‐ICE. Temperature and water profiles are from CloudSat ECMWF‐AUX data. Color shading and axis range are the same with Figure [1](#ess2531-fig-0001){ref-type="fig"}. The variables in the figures are temperature, relative humidity, IWC, effective diameter (*D* ~*eff*~ *)*, and size distribution width (*D* ~*e_disp*~) for ice particles, LWC, and *D* ~*eff*~ for liquid water.](ESS2-7-e2020EA001147-g002){#ess2531-fig-0002}

The correlation matrices for ice cloud microphysical properties are generally in agreement from different methods, especially for ice clouds below 12 km for both IWC and *D* ~*me*~. Above this altitude, a clear temperature and relative humidity dependence of *D* ~*me*~ is seen from both the combined in situ and satellite method (Figure [1a](#ess2531-fig-0001){ref-type="fig"}) and the 2C‐ICE (Figure [2c](#ess2531-fig-0002){ref-type="fig"}) results, but not in other data products. The dependenc of IWC above 12 km on temperature, on the other hand, is only apparent in the combined method, which agrees with earlier studies based on field campaign data analyses (e.g., Heymsfield et al., [2006](#ess2531-bib-0028){ref-type="ref"}; Liou et al., [2008](#ess2531-bib-0038){ref-type="ref"}; McFarquhar & Heymsfield, [1997](#ess2531-bib-0042){ref-type="ref"}).

4. Summary and Discussions {#ess2531-sec-0004}
==========================

In spite of increasing attention, representation of cloud properties and microphysical processes in numerical models is nevertheless ambiguous (Boucher et al., [2013](#ess2531-bib-0007){ref-type="ref"}; Grabowski et al., [2019](#ess2531-bib-0021){ref-type="ref"}; Jiang et al., [2012](#ess2531-bib-0033){ref-type="ref"}; Randall et al., [2007](#ess2531-bib-0048){ref-type="ref"}; Su et al., [2013](#ess2531-bib-0055){ref-type="ref"}). Cloud vertical structures at regional scale are critical in predicting future climate in climate models (Cesana & Chepfer, [2012](#ess2531-bib-0008){ref-type="ref"}). Specifically, the vertical variability of cloud ice and liquid phase partitioning in regions where supercooled liquid water droplets and ice particles coexist strongly impacts representation of cloud and precipitation in models (Grabowski et al., [2019](#ess2531-bib-0021){ref-type="ref"}; Korolev et al., [2017](#ess2531-bib-0036){ref-type="ref"}; McCoy et al., [2016](#ess2531-bib-0041){ref-type="ref"}). For satellite remote sensing and in situ observations, the vertical structures of hydrometeors continue to serve as a key component in constructing a priori and developing retrieval algorithms (e.g., Feofilov et al., [2015](#ess2531-bib-0019){ref-type="ref"}; Hashino et al., [2013](#ess2531-bib-0025){ref-type="ref"}; Jiang et al., [2019](#ess2531-bib-0034){ref-type="ref"}; Reinhart et al., [2014](#ess2531-bib-0049){ref-type="ref"}; Seo & Biggerstaff, [2006](#ess2531-bib-0051){ref-type="ref"}; Wang et al., [2019](#ess2531-bib-0060){ref-type="ref"}; Zhang et al., [2010](#ess2531-bib-0065){ref-type="ref"}).

The vertical structure of tropical anvil clouds can be quantitatively represented by the vertical variability of microphysical properties for different hydrometeor species in the atmosphere, which often vary over certain range and covary with each other. Such variability and covariability are further influenced by the thermodynamic and dynamic environment. In this study a method is tested to quantify the vertical variability and covariability of cloud microphysical properties of tropical anvil clouds by combining the detailed statistics from in situ optical probe measurements of cloud microphys during the TC4 field experiment with vertical profiles of CloudSat radar reflectivity and CALISPO cloud masks. The simultaneous in situ measurements of hydrometeor microphysics and atmospheric conditions are used to provide the pdf of each parameter and their covariance with each other. These statistics are combined with the vertical correlation matrix provided by active sensor measurements in space to quantify the vertical structure of cloud particles sampled during the TC4 experiments. In addition to the benefit of combining the strength from in situ optical probes and spaceborne active sensors, a strict one‐to‐one collocation between the satellite and in situ measurements is not necessary in the method; instead, it requires that in situ and spaceborne measurements are from samples with similar cloud types, regions, and season, which is another advantage of our method.

The comparison with the results obtained from three CloudSat/CALIPSO retrieval products on cloud microphysical properties shows the clear algorithm differences on the vertical structures of variability and covariability matrices, which may be related to the assumptions on the correlations among size distribution parameters and between these parameters with temperature, especially for the liquid particles. A detailed examination on how these assumptions may affect the quality of the CloudSat/CALIPSO cloud retrievals is beyond the scope of this study. However, it is encouraging that the current algorithms show consistency on the ice cloud parameters.

The method presented in this study benefits from combining the complemental strengths of in situ cloud microphysical measurements and spaceborne active sensors. Although tropical anvil clouds observed during TC4 are shown in the results, this method can be easily applied to other field campaigns sampling different types of ice clouds. This is not only important to understand the cloud microphysical structures in various cloud systems but also benefits the generalizing and improving of the a priori in the cloud vertical profile retrievals by the Tropospheric Water and Cloud ICE and Earth\'s NexT‐generation ICE retrieval simulation package (Jiang et al., [2019](#ess2531-bib-0034){ref-type="ref"}, [2017](#ess2531-bib-0035){ref-type="ref"}). The treatment of the liquid hydrometeors including supercooled liquid water and the rain water in the method is limited by the accuracy and availability of the in situ measurements on the microphysical properties of these hydrometeors, which calls for further improvements of in situ observation technologies on these hydrometeor species.
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